New synthetic oscillator designs provide independent tuning of amplitude and frequency and flexible switching between dynamic regimes.
Oscillators have captured the attention of synthetic biologists since the inception of the field. However, realistic implementations of synthetic oscillators have been plagued by imprecise control over amplitude and frequency and asynchrony between cells. A series of elegant studies have addressed these challenges-for instance, by eliminating genetic and external sources of variability (PotvinTrottier et al., 2016) or using quorum signals to orchestrate cell synchrony (Danino et al., 2010) ; however, these approaches can add burden and complexity or reduce tunability in exchange for synchrony. In this issue of Cell Systems, two modeling papers by Tomazou et al. (2018) and Perez-Carrasco et al. (2018) improve upon the design of classic synthetic oscillators to address these limitations (Figure 1 ). These circuit designs have the potential to usher in a new wave of experiments where oscillators can be used to precisely probe dynamic properties of biochemical networks and recapitulate the degree of biological control that has evolved in natural systems.
For instance, an exciting application of these circuits is the construction of a biological oscilloscope-a tool used to interrogate genetic systems by modulating the amplitude and frequency of an input and measuring a system's response. The ability to precisely sweep through amplitude and frequency inputs is highly useful for system identification and circuit characterization. Recent studies using this approach have hinted at its great potential but typically rely on external inputs, such as chemical inducers or light-inducible optogenetic platforms (Castillo-Hair et al., 2015) . An advantage of encoding the input signal intracellularly is that control is precisely achieved within a single cell rather than applied to a bulk population. This allows for investigations into granular phenomena like noise and state switching that happen at the level of individual cells. Moreover, it avoids external hardware like microfluidic systems and LED arrays, which may face hurdles at larger scales of implementation. Natural regulatory networks are already known to exploit wave form modulation to encode information (Cai et al., 2008) . Recovering this natural phenomenon synthetically can allow researchers to reproduce these signals in a precise, well-defined context.
A challenge to achieving this goal is that synthetic oscillators like the repressilator (Elowitz and Leibler, 2000) and the dual feedback oscillator (Stricker et al., 2008) have a strong coupling between amplitude and period. Natural oscillators typically uncouple these effects-for instance, allowing heart rate to increase without dramatically increasing amplitude. Tomazou et al. (2018) address this problem directly by redesigning synthetic oscillators to allow for independent modulation of amplitude and frequency. To accomplish this, the authors introduce an orthogonal sink module in their designs that utilizes enzymatic degradation of key chemical species. The resulting circuits demonstrate remarkable independence between amplitude and frequency, where orthogonal chemical inputs can act as dials to tune the two properties.
There has been a recent shift in the field of synthetic biology toward circuit designs that acknowledge and diminish the burden imposed by these engineered additions to cells-for instance, by designing circuits to sense and reduce load (Ceroni et al., 2018 certainly limits the required number of orthogonal parts. The design that Perez-Carrasco et al. (2018) focus on combines the repressilator with a bistable toggle switch. Through the control of a single exogenous input, the resulting circuit exhibits oscillation, bistability, and additional dynamic regimes with hybrids of oscillations and multistability, in addition to excitability. This flexibility in generating a myriad of dynamical behaviors is a powerful property that natural regulatory networks use to respond to changing environments (S€ uel et al., 2007) . In addition to demonstrating this dynamic flexibility, the study introduces an important extension by showing that the way in which oscillations are initiated can generate synchrony across cells. If oscillations slowly build, such as by crossing through a Hopf bifurcation, subtle differences between cells will be amplified, resulting in incoherent, asynchronous oscillations. In contrast, if the oscillations appear suddenly, such as by crossing a saddle-node bifurcation and dropping into a limit cycle, small cell-to-cell differences have little effect, and oscillations will be synchronized. This relatively simple circuit topology capable of yielding broad classes of dynamic behaviors, including synchronized oscillations, is an intriguing tool for potential applications in synthetic biology.
Overall, these two studies are part of a new era of synthetic circuit designs that take into account practical issues, such as the need to tune circuits, both in terms of their amplitude and frequency and dynamic regime. In addition, they are cognizant of the burden imposed by synthetic circuits and the need to use compact, well-defined parts. Together, these studies offer a promising indication of the continuing potential of synthetic oscillators for precisely probing and characterizing biochemical networks and recapitulating functionality that exists in natural circuits.
